Methane is one of the most important gaseous hydrocarbon species for both industrial and environmental reasons. Understanding and quantifying methane emissions to atmosphere is therefore an important element of climate change research. Range-resolved infrared differential absorption Lidar (DIAL) measurements provide the means to map and quantify a wide range of different methane sources. This paper describes the DIAL measurement technique and reports the application of an infrared DIAL system to field measurements of methane emissions from active and closed landfill sites. This paper shows how the capability of the DIAL to measure the spatial distribution of methane plumes enables DIAL vertical scans to spatially separate and independently quantify emissions from different sources. It also allows DIAL horizontal scans carried out above the surface to identify emission hot-spots. An overview of the landfill emission surveys carried out over the last decade by the National Physical Laboratory (NPL) DIAL system is presented. These surveys were part of research projects and commercial works aimed to validate the method and to provide reliable information on the methane emissions measuring the total site and area-specific emissions from active areas, capped areas, and gas engine stacks. This work showed that methane emissions are significantly higher for active sites than closed sites due to the methane emitted directly to air from the uncapped active areas. On active sites, the operational tipping areas generally have higher emission levels than the capped areas, although there is considerably variation in the emission from different capped areas. The information obtained with DIAL measurements allow site operators to identify significant fugitive emission sources and validate emissions estimates, and they allow the regulators to revise and update the emission inventories. Operators' remediation actions driven by DIAL measurements have also been shown to considerably decreased total site methane emission.
Introduction
Landfills constitute one of the major anthropogenic sources of methane in many developed countries. Landfill gas emissions are a significant component of non-CO 2 greenhouse gases releases and the Intergovernmental Panel on Climate Change (IPCC) has recently increased the 100 year CO 2 equivalent for methane to 28 times that of CO 2 [1] . The reported emissions from landfills for emission inventories are commonly estimated by using internationally agreed computer models such as GasSimTM [2] . This approach often involves large uncertainties due to inaccuracies of the input data and many assumptions in the estimation [3] . The IPCC guidelines indicate that measurement of methane emissions is necessary to validate emission models and to provide confidence in country specific model parameters which will provide the basis for further mitigation measures if required.
A landfill can be categorized as an operational site when waste is actively accepted on the site area known as the active area or as a closed site when all the different areas on site have been capped. from active and closed landfill sites. Section 2 outlines the DIAL method, Section 3 presents some example results from methane DIAL measurements at landfill sites, and the conclusions are given in Section 4.
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Materials and Methods
DIAL is an optical remote sensing technique based on Lidar. The basic Lidar technique [10] uses a pulse of laser radiation, transmitted into atmosphere, and measures the light scattered by the atmosphere and returned to the system. DIAL is an extension of this using (at least) two laser pulses at different wavelengths.
The NPL DIAL laser source is operated alternately at two similar wavelengths. One of these, termed the 'on-resonant wavelength' (λON), is chosen to be at a wavelength which is absorbed by the targeted species. The other, the 'off-resonant wavelength' (λOFF), is chosen to be at a nearby wavelength which is not absorbed significantly by the targeted species. The two wavelengths are chosen to be close, so that the atmospheric scattering properties are the same for both wavelengths. They are also chosen so that any differential absorption due to other atmospheric species is minimized. Any measured difference in the returned signals is therefore due to absorption by the targeted species.
The basis of the DIAL technique is similar to most open-path optical spectroscopic techniques and follows the Beer-Lambert law [11] which relates the absorption of light passing through a gas to the integral concentration of the gas in the measurement path. The atmospheric return signal measured by a DIAL system is given by the Lidar equation, a simplified form of which is given in Equation (1) . The signal at the detector, Sλ from range r, is
where Eλ is the transmitted energy, Dλ is a range independent system constant, Bλ is the backscatter coefficient for the atmosphere at wavelength λ, C(r) is the concentration of the target absorber with absorption coefficient αλ, and Aλ(r) is the absorption coefficient due to all other atmospheric absorption. 
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The equation has three basic components:
• Atmosphere terms relating to the backscatter (B λ ) and absorption (A λ ) of the scattering medium • Parameters associated with the DIAL system (E λ and D λ )
•
The measurement parameter giving the range (r) and absorption (α λ C) due to the targeted species
Pairs of on and off-resonant Lidar signals are acquired and averaged separately until the required signal to noise ratio is achieved. The two wavelengths used are chosen such that the atmospheric terms A λ (r) and B λ (r) in the Lidar equation can be assumed to be the same for both wavelengths. These terms are then cancelled by taking the ratio of the two returned signals. See references [10, 12, 13] for a more detailed discussion about the Lidar equation.
The range-resolved path-integrated concentration (CL) may be derived by dividing the logarithm of the ratio of the signals by the differential absorption of the two wavelengths (Equation (2))
where N is the number of pulse pairs averaged, ∆α = α λ OFF − α λ ON is the differential absorption coefficient for the targeted species and P represents the received signal after normalisation for the transmitted energies (
This path-integrated concentration represents the total concentration of the targeted species in the atmosphere along the measured line-of-sight out to the range r. The range-resolved concentration can then easily be derived by differentiating the path-integrated concentration. Figure 2 is a schematic of the NPL DIAL system showing the beam launch and detection system. The system has several integrated quality assurance procedures. The most important is the in-line calibration gas cell (see Figure 2 ) filled with known concentrations of the targeted species, obtained from NPL standard gas mixtures which are directly traceable to international standards. Every DIAL measurement is calibrated against the reference gas, this ensures that no assumptions need to be made about spectral performance or stability of the optical source. The scanner system directs the output beam and detection optics, giving hemispheric coverage in both the horizontal and vertical planes. For more information about the system, see Robinson et al. [14] .
In the typical DIAL measurement configuration the mobile DIAL facility is positioned downwind of the area being investigated. The laser beam is then scanned in a vertical plane and the distribution of the targeted species in the measurement plane is mapped. Figure 3 shows how a typical vertical DIAL scan can be used to calculate emission rates. A series of range-resolved concentration measurements are made at different vertical elevation angles. These are then combined to provide the concentration distribution in the vertical measurement plane. The concentration distribution in the measurement plane is combined with the wind vectors through the measurement plane to determine the emissions distribution. This can then be integrated to give the overall emission rate through the plane [14] . A logarithmic wind profile is used to describe the vertical distribution of the wind vectors calculated using two to eight wind speeds measured at different heights. Two fixed meteorological masts can host four or two wind sensor packages at elevations of 11.9, 9.0, 6.2, and 3.4 m from the local ground. A 2.3 m high portable mast can be deployed near the DIAL truck or along the measurement line-of-sight. The DIAL truck is also equipped with an integral 12 m high meteorological mast. At landfill sites, the fixed meteorological masts are usually deployed at the highest site area, typically a hill shaped capped area, obtaining meteorological data at high elevations while the DIAL and portable sensors are used to measure the lower elevation local ground wind vector. Note that, in the case of methane measurements, the ambient background concentration is subtracted from the data prior to emission calculation. The DIAL technique provides a direct measure of the spatial distribution of the targeted gas species rather than the path-averaged concentration given by most other optical remote sensing methods. This means that localised, high concentration plumes can be discriminated from broad, low concentration plumes, and that emissions from different sources within an area can be spatially separated and independently quantified. As an example, for measurements at a landfill site, the localised emission plume from an engine stack or flare can be separated from the extended emission of a capped area. Also, since the vertical distribution of an emission plume is referenced to a measured vertical wind profile (to calculate the emission rate) no assumptions about plume dispersion, lofting, or distribution have to be made. This removes one major source of uncertainty from emission results and means that DIAL can be used to measure emissions when source distribution, topography, or meteorological conditions would lead to unreliable dispersion modelling.
To measure the emission rate from a target area, the DIAL is located so that a series of downwind scans can be obtained and then moved to another position to monitor the upwind contribution to the emission rate. In some cases, upwind and downwind emission rates can be obtained from a single location. Emissions from other areas may be upwind of the measured sources, these sources can be excluded in two ways. If the upwind sources to be excluded are close to the measured sources, and produce localised plumes, these separate plumes can be discriminated spatially from the measured fluxes by selecting the section of the scanned region to integrate, in order to calculate the emission rate only from the area of interest. Conversely, if the upwind sources are further away and the emissions from them have been measured separately, the upwind emission rate can be subtracted from the total measured downwind emission rate.
The strength of the returning DIAL radiation depends on atmospheric conditions as the transmitted infrared radiation is returned by scattering from aerosol/dust particles in the atmosphere. The atmospheric conditions consequently affect the DIAL maximum scan range, it varies from day to day and can also change during the same day, but for methane the range is typically between 400 m and 1 km. The NPL DIAL has a theoretical range resolution of 3.75 m along the measurement beam, and a vertical and horizontal scan resolution which can be less than 1 m at 100 m (depending on the angular steps used between scan lines). However, the actual range resolution, determined by the signal averaging used, will depend on atmospheric conditions and the concentration of the targeted species and is typically of the order of 10 to 30 m.
From each location, DIAL scans can be carried out using different lines-of-sight in order to perform downwind and upwind measurements, to have different cuts through the area of interest or to measure different areas of interest. In general, at least three or four scans (individual sets of measurements) are made along each line-of-sight. The DIAL is usually configured to collect enough data (backscattered laser pulses) to determine the concentration profile along each scan, and to then step through the vertical scan lines to build up the matrix of concentration measurements. Typically, this will be a single measurement along one scan line of 1 to 2 min, which results in a vertical scan taking approximately 10 to 20 min with 10 to 15 angular steps that can range from 0.5 • to 2 • .
The validation of the infrared DIAL was carried out via a series of controlled field experiments including tests against controlled methane releases from a test stack, all showing agreements on the order of ±20% [14] . The uncertainty of the measurements reported in this paper was estimated based on the standard deviation of the individual emission rate measurements from which each mean emission rate value has been determined. The DIAL estimated uncertainty for a single measurement is about 20-30%, some of this uncertainty will be included in the reported standard deviation but it is not known how much. The uncertainty reported is therefore the variability of the measured results. As such, it encapsulates variability occurring during the measurements-such variability will include the measurement itself (random DIAL measurement uncertainty), variability in the source emissions, and variability of other factors such as the wind profile used since for each scan a different wind profile is calculated from the wind sensors data.
Results
The combination of wide area coverage and range-resolved measurements means that the DIAL method is well suited to carrying out detailed studies of emissions from complex area sources such as the emission of landfill gas from waste management sites. DIAL measurements can be made of hard to access areas at different elevations within the site without requiring any direct access, e.g., operational active areas and flares.
DIAL Vertical Measurement Scans
In a study commissioned by the UK Department for Environment Food & Rural Affairs (Defra) the aim was to quantify whole site emissions and identify the relative contribution of the different areas of the site to the overall emission [8] . In particular, at operational sites the aim was to differentiate between the active (uncapped) and permanently capped areas. A further aim was to quantify the emission from the gas engines so that this could be compared to the predicted methane emissions. Measurements were made at nine landfills of different ages, dimensions, operational stages, regulatory positions, and all with gas collection systems in place. All the measurements were carried out between late February and early May and all the sites were measured once during a week period. A logarithmic vertical wind field profile was used for the emission rate calculations and this was determined from the speeds measured from two wind sensor packages on a fixed mast sensors, at 11.9 m and 3.4 m local elevation. The wind direction measured from the fixed mast upper sensor was used for the emission rate measurements. The measurements successfully met the aims of the project [9] .
In a follow up study commissioned by Defra [15] , measurements were made at three operational landfill sites to investigate the complexity of the wind field and quantify the uncertainty in the methane emission that is introduced by the wind profile assumptions in order to assess whether the method used to calculate the wind profile is as representative as possible of the wind conditions at each site. This is important in ensuring that the uncertainty in the methane mass emission results is as small as possible. The use of several wind sensors (at multiple heights and multiple locations) helped to obtain a more accurate logarithmic wind profile fit. Nonetheless, the effect of this improved wind profile on the uncertainty in the calculated emission rate with respect to using a logarithmic wind profile based on measurements at only two heights was generally smaller than the variability (and therefore uncertainty) associated with the measurement itself. All the measurements were carried out between late February and March and all the sites were measured once over a two week period. The results from this study can be found in the report prepared for Defra [15] and will be the subject of a separate paper.
In a third study commissioned by Defra, DIAL measurements were carried out at one operational landfill site and one closed site. The aim of this project was to use the DIAL to obtain further data and to compare these results to other measurement techniques. The results of this study will be the subject of a separate paper.
As general observation on the results of DIAL measurements of landfills, methane emissions are significantly higher for active sites (192 to 720 kg/h) than closed sites (21 to 146 kg/h) due to the methane emitted directly to air from the uncapped active areas. On active sites, the operational tipping areas generally have higher emission levels than the closed (and capped) areas, although there is considerable variation in the emission from different sites and areas. Figures 4 and 5 show example 3D plots of plumes measured from an active area and a closed area respectively with measured emission rates of 125 and 22 kg/h. The localised emissions from the gas engines were also measured specifically on several occasions. Figure 6 shows an example 3D plot of a plume from a compound with a total of eight gas engines and four stacks; two higher elevation stacks (each serving three engines) and two low stacks for two engines. The average emission rate per engine was about 6 kg/h and the calculated slippage rate from the gas engine flow rate was about 3%. DIAL vertical scans not only give the operators mass quantification of the emission but also rich spatial information on the plumes, see Figures 4 and 5 , and therefore an indication of where the main emission sources are located. The operators can use this data to compare with emissions estimates, to report emission values to the authorities, and to calculate site average capture rates from their collection data. The results can also be used to efficiently target repair and remediation activities, thereby reducing site emissions and economic losses. For example, as part of commercial work carried out for a private operator, DIAL measurements at two active landfills were repeated after the remediation actions driven by the first set of DIAL measurements were completed. In the first case, the total emission from 10 capped areas, excluding the active uncapped area that was being filled, decreased from 664 ± 40 to 96 ± 7 kg/h. In the second case, the total emission from three capped areas DIAL vertical scans not only give the operators mass quantification of the emission but also rich spatial information on the plumes, see Figures 4 and 5 , and therefore an indication of where the main emission sources are located. The operators can use this data to compare with emissions estimates, to report emission values to the authorities, and to calculate site average capture rates from their collection data. The results can also be used to efficiently target repair and remediation activities, thereby reducing site emissions and economic losses. For example, as part of commercial work carried out for a private operator, DIAL measurements at two active landfills were repeated after the remediation actions driven by the first set of DIAL measurements were completed. In the first case, the total emission from 10 capped areas, excluding the active uncapped area that was being filled, decreased from 664 ± 40 to 96 ± 7 kg/h. In the second case, the total emission from three capped areas DIAL vertical scans not only give the operators mass quantification of the emission but also rich spatial information on the plumes, see Figures 4 and 5 , and therefore an indication of where the main emission sources are located. The operators can use this data to compare with emissions estimates, to report emission values to the authorities, and to calculate site average capture rates from their collection data. The results can also be used to efficiently target repair and remediation activities, thereby reducing site emissions and economic losses. For example, as part of commercial work carried out for a private operator, DIAL measurements at two active landfills were repeated after the remediation actions driven by the first set of DIAL measurements were completed. In the first case, the total emission from 10 capped areas, excluding the active uncapped area that was being filled, decreased from 664 ± 40 to 96 ± 7 kg/h. In the second case, the total emission from three capped areas (excluding the active uncapped area) decreased from 826 ± 23 to 168 ± 14 kg/h. It can be expected that methane emissions from a landfill vary over time and under different atmospheric conditions such as temperature and pressure. Although these two sets of measurements were conducted in two different periods of the year, June and September, under similar temperature conditions, it is unlikely that such decrease in the emission (80% and 86%) could be accounted only by possible temperature and pressure variations and it is reasonable to explain this reduction as result of the remediation activity.
DIAL measurements also provide emission values for different capped areas around a site giving the possibility to the operators to calculate the capture rate and the efficiency of each capped area. The authorities can also use this data to revise and update emission inventories. For example, in the first Defra study [8] the capture rates of the nine surveyed landfills ranged from 28% to 85% suggesting a wide range in the performance of landfill operators in collecting landfill gas across the surveyed landfills [9] .
Remote Sens. 2017, 9, 953 9 of 11 (excluding the active uncapped area) decreased from 826 ± 23 to 168 ± 14 kg/h. It can be expected that methane emissions from a landfill vary over time and under different atmospheric conditions such as temperature and pressure. Although these two sets of measurements were conducted in two different periods of the year, June and September, under similar temperature conditions, it is unlikely that such decrease in the emission (80% and 86%) could be accounted only by possible temperature and pressure variations and it is reasonable to explain this reduction as result of the remediation activity. DIAL measurements also provide emission values for different capped areas around a site giving the possibility to the operators to calculate the capture rate and the efficiency of each capped area. The authorities can also use this data to revise and update emission inventories. For example, in the first Defra study [8] the capture rates of the nine surveyed landfills ranged from 28% to 85% suggesting a wide range in the performance of landfill operators in collecting landfill gas across the surveyed landfills [9] . 
DIAL Horizontal Measurement Scans
In addition to the emission measurements using vertical DIAL scans, horizontal scans can be made over different areas of the landfill site when the site operator requires information of potential hot-spots in the emission distribution. Figure 7 shows a 3D plot of a horizontal scan above the surface of a landfill capped area that locates potential emission sources. Horizontal scan data is most useful under low wind speed conditions. Considerable care needs to be taken in the interpretation of horizontal scans when the wind speed is significant, since it is difficult to distinguish between local emission sources, i.e., close to where elevated concentration is observed, and upwind sources being blown into the measurement plane.
Horizontal scans cannot quantify the fugitive mass emission rate but can identify emission sources like faults in the capped surface, leaking wells, and methane migration between boundaries of capped areas. This is information can help site operators to plan remediation actions. 
Discussion and Conclusions
This paper has presented a brief overview of the NPL DIAL system, describing its operation, and has presented examples of the use of the system for methane emission monitoring at waste facilities. It has been shown that the infrared DIAL technique is able to map and quantify fugitive methane emissions from all potential sources in a site including localised sources like gas engine stacks, specific site areas, and the total site emission rates.
Methane emissions measured by the DIAL at active sites are significantly higher than the emission measured at closed sites due to the methane emitted directly to air from the uncapped active areas. On operational sites, the active areas generally have higher emission levels than the capped areas, although there is considerable variation in the emission from different capped areas.
DIAL vertical scans not only give the operators mass quantification of the emission but also rich spatial information on the plumes and therefore an indication of where the main emission sources are located. The operators can use this data to compare with emissions estimates, to report emission values to the authorities and to calculate site average capture rate from their collection data. The results can also be used to efficiently target repair and remediation activities, thereby reducing site emissions and economic losses. Operators' remediation actions driven by DIAL measurements have been shown to considerably decreased total site emission. In the case of two landfills that were measured by the DIAL for a second time after the remediation work was completed, the total methane emission from the same capped areas was found to be 80% and 86% lower.
The authorities can use DIAL data to revise and update the emission inventories, to assist them in implementing waste management strategies, policies, and regulations aimed at reducing methane emission from landfills and to understand the effectiveness of these reduction measures.
The history of emissions measurements made with DIAL at landfill sites over the last decade are testament to the maturity of the technique that can be deployed as reference tool by the waste industry. 
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